Various forms of geoengineering have been proposed to counter anthropogenic 14 climate change. Methods which aim to modify the Earth's energy balance by reducing 15 insolation are often subsumed under the term Solar Radiation Management (SRM). 16
Introduction 1
Our simulations follow standards set for the G1 experiment (see Table 1 ), which was 23 defined as part of the Geoengineering Model Intercomparison Project (GeoMIP) 24 (Kravitz et al., 2011 (Kravitz et al., , 2013a . In the G1 experiment the effect of an abrupt quadrupling 25 of atmospheric carbon dioxide (CO 2 ) on the global mean surface temperature is 26 approximately offset by reducing the model's solar constant. This can be thought of 27 as an experiment in which space-mirrors reflect sunlight before it enters the Earth's 28 atmosphere (Early, 1989; Seifritz, 1989) . Starting from approximately pre-industrial 29 concentrations with atmospheric CO 2 at ~285 ppmv (piControl), we thus carried out, 30 firstly, an abrupt 4xCO2 experiment, in which atmospheric CO 2 is instantaneously 31 quadrupled to ~1140 ppmv and, secondly, a G1 type experiment in which the global 32 offset globally, there are important regional differences between 4xCO2 and G1. As 1 shown in Fig. 2 , the model yields the characteristic distribution of overcooling in the 2 tropics and warming at high latitudes in G1 (Kravitz et al., 2013b) , an effect which 3 can be explained by the proportionally larger impact of reducing insolation on the 4 tropics than on high latitudes (Bala and Caldeira, 2000; Lunt et al., 2008) . 5 6 3.2 Stratospheric Ozone and Temperature Changes 7 Fig. 3a to Fig. 3d show latitude-height cross sections of changes in zonal mean 8 ozone mass mixing ratio and zonal mean temperature. We find large increases in 9 ozone in the middle-upper stratosphere (~30-50 km altitude, Fig. 3a and 3b) under 10 between atomic oxygen and ozone towards the latter, which further slows down the 23 rate-determining step (R1.2) in the catalytic cycles (Jonsson et al., 2004) . As already 24 mentioned, the stratospheric cooling due to increased CO 2 persists in G1. In fact, the 25 solar irradiance reduction would, as a single effect, be expected to further cool the 26 stratosphere (Bala et al., 2003; Braesicke et al., 2011) . However, some regions in the 27 stratosphere are actually warmer in G1 than in 4xCO2 (Fig. 3d) . Increased shortwave 28 heating by higher ozone levels, local tropopause height shifts and changes in 29 dynamical heating certainly contribute to this, and importantly so does less longwavecooling as a result of the much lower stratospheric water vapour concentrations 1 (Maycock et al., 2011) in G1, as discussed below. 2
The ozone increases in the upper stratosphere are larger in G1 than under 3 4xCO2 (compare Fig. 3a to Fig. 3b ), see also Jackman and Fleming (2014) . In our 4 simulations, there are two main drivers behind this additional ozone increase. Firstly, 5 less ozone is photolysed (O 3 + hν -> O 2 + O) as a consequence of the reduced 6 insolation in G1, which happens at the expense of atomic oxygen abundances: in G1 7 both ground state O( 3 P) and excited state O( 1 D) at a given atmospheric pressure are 8 ~3-8% less abundant than in 4xCO2 (not shown). Less abundant atomic oxygen in 9 turn implies a slowing of reaction (R1.2) and thus further reduced ozone loss. 10
Secondly, we find a significant decrease in stratospheric specific humidity in G1, 11 which reduces HO x (OH, HO 2 , H) formation and therefore ozone loss via, for 12 example, (R1.1) and (R1.2). Specifically, the stratosphere is ~10-20% drier in G1 13 than in piControl. This is related to a weaker hydrological cycle under SRM (e.g. Bala 14
which is additionally coupled to the above mentioned changes in O( than in 4xCO2, this further enhances the differences in HO x ; overall the abundance 22 of OH and HO 2 is ~15-25% smaller in the middle-upper stratosphere in G1. Finally, 23 higher levels of nitrogen oxides (NO x = NO, NO 2 ; ~5-13%) in the upper stratosphere 24 under 4xCO2 will also contribute to the differences in ozone. They are mainly driven 25 by changes in stratospheric temperature, photolysis, transport of the NO x precursor 26 nitrous oxide as well as its reaction with O( 1 D); a discussion of various factors 27 involved is for example given in Revell et al. (2012) . Changes in other radical species 28 play secondary roles in this experiment (Jackman and Fleming, 2014) . 29
In the tropical lower stratosphere, we find ozone decreases under 4xCO2, 30 which is characteristic for an acceleration of the Brewer-Dobson circulation under2015). In response to solar geoengineering, the residual circulation (not shown) and 1 thus ozone (Fig. 3b) in the tropical lower stratosphere is almost brought back to pre-2 industrial levels. The remaining ozone decreases mainly result from an effect often 3 referred to as "inverse self-healing" of the ozone column (e.g. Haigh and Pyle, 1982; 4 Jonsson et al., 2004; Portmann and Solomon, 2007) , in which the increased ozone 5 concentrations in the upper stratosphere allow less shortwave radiation to propagate 6 to lower altitudes. Relative to pre-industrial conditions, this mechanism acts in 7 concert with the (by design) reduced insolation to leave fewer photons of relevant 8 wavelengths to produce ozone in the lower stratosphere. However, these effects are 9 partly compensated by coincident decreases in ozone losses in G1, mainly due to the 10 lower temperatures and lower HO x concentrations than in piControl. Overall, the 11 significant changes in stratospheric ozone have important implications for UV fluxes 12 into the troposphere and to the surface, as discussed in sections 3.3 and 3.4. 13 atmosphere. As discussed above, SRM could lead to changes in column ozone; in 19 G1, we find that relative to piControl the global mean column ozone increased by 20 ~8% compared to only ~4% under 4xCO2 (Fig. 4 and Table 2) . 21
The harmful effect of UV exposure on human skin is commonly measured 22 using the UV-Index (UVI), starting at 0 and with higher UVI equalling greater skin-23 damaging potential (WHO, 2002 (2) 27 where μ is the cosine of the solar zenith angle and Ω the total vertical ozone column 28 in Dobson Units (DU). As a further approximation, we use monthly and zonal mean 29 values for column ozone, but have updated the solar zenith angle on a daily basis 30 according to the changing solar declination. The resulting UVI is therefore both afunction of the changing angle of incidence of the Sun's radiation to the Earth's 1 surface and the seasonally varying column ozone ( Fig. 4c and 4d ) at a given 2 location. The UVI found for piControl at noon and relative changes (∆UVI) for G1 and 3 4xCO2 in percentages, are shown in Fig. 4e and 4f (see Table 2 for global mean 4 differences). In G1, the UVI decreases everywhere during the whole year due to both 5 changes in column ozone and the 3.6% reduced intensity of the solar radiation. 6
However, the effect of the changes in ozone generally dominates. In particular, 7 during Northern Hemisphere (NH) spring and summer average decreases of 10-20% 8 are found at NH mid and high latitudes in G1. We caution that although the 9 percentage changes at high latitudes may be larger, they are relative to much lower 10 background UVI levels. In addition, formula (2) is expected to perform less well in 11 areas of high surface albedo, as well as in regions with widespread occurrences of 12 sea and land-ice (Madronich, 2007) . Nevertheless, a further reduction in UV 13 irradiance in already light-poor seasons and regions could aggravate medical 14 conditions connected to vitamin D deficiency. We note that vitamin D production 15 exhibits a slightly different sensitivity to certain wavelengths of solar radiation than is 16 assumed in the calculation of the UVI (Fioletov et al., 2009; McKenzie et al., 2009) so 17 that our calculations should be considered as qualitative. 18
Column ozone changes are not the only factor with the potential to change 19 surface UV as a result of climate engineering. Changes in clouds, surface reflectivity 20 (due to surface albedo changes), or aerosols could all significantly affect UV 21 transmission, reflection and scattering. Here, we focus just on the impact of ozone 22 and cloud changes, assuming that other changes are small under pre-industrial 23 background conditions. The residual high-latitude warming in G1 (Fig. 2b) implies 24 that albedo changes could play a role, e.g. due to decreases in snow and sea-ice. 25
However, in our model, the higher temperatures do not suffice to trigger statistically 26 significant ice or snow loss under SRM, in agreement with multi-model studies of the 27 G1 experiment (Kravitz et al., 2013b; Moore et al., 2014) . 28
A common way to estimate the average effect of clouds on shortwave (SW) 29 surface radiation is the cloud modification factor (CMF SW ). The CMF SW is the total 30 solar irradiance (Wm -2 2005) . A CMF SW of 1 thus implies that the net cloud effect on surface SW radiation is 1 zero, values larger than 1 imply SW amplification by clouds, values smaller than 1 2 net reflection of SW radiation by clouds. Fig. 5a and 5b show differences in the 3 CMF SW for 4xCO2 and G1 relative to piControl. Under 4xCO2, the overall pattern of 4 CMF SW changes is in agreement with previous (chemistry-)climate modelling results 5 (Bais et al., 2011 (Bais et al., , 2015 under greenhouse gas forcing. In G1 (Fig. 5b) , the CMF SW is 6 predicted to increase in many regions while decreases are virtually non-existent. 7
Similar cloud changes have been found in previous G1 modelling studies and have 8 been attributed to reductions in the highly reflective cloud cover at low altitudes 9 (Kravitz et al., 2013b; Schmidt et al., 2012) . Consequently, an increase in surface 10 SW radiation from cloud changes is expected in G1, in contrast to the decrease in 11 UVI which would follow the column ozone changes. 12
In order to compare the UV effects of changes in the CMF SW and changes in 13 ozone, we use an empirical relationship established by den Outer et al. (2005) and 14 modified by Staiger et al. (2008) to estimate the effect of the CMF SW changes in 15 terms of the UVI at noon. The results are presented in Fig. 5c and 5d. In G1, the UVI 16 changes by clouds are overall positive. As expected, this is the opposite sign 17 response to the UVI changes induced by ozone. However, the cloud effect is much 18 smaller with percentage increases of only ~1-2% for most latitudes and times 19 compared with the much higher values for the ozone-induced changes (Fig. 4f) . Only 20 during NH summer, between around 40N-60N, are the cloud-induced UVI increases 21 of comparable size (~5%) to the decreases driven by changes in the ozone column. 22
Our calculations show that cloud effects are generally small and do not offset ozone-23 induced UV changes in light-poor seasons, which are the times when major problems 24 connected to vitamin D deficiency primarily occur. 25
In summary, our results indicate that changes in column ozone and hence 26 surface UV fluxes represent an important change to the climate system, which could 27 arise following a SRM scheme and which is of potential importance for human health. 28
These changes would need to be taken into account when evaluating benefits and 29 risks of any possible geoengineering scheme in which elevated atmospheric CO 2 30 concentrations persist. 31
Tropospheric Ozone Changes 1
As mentioned in section 1, tropospheric ozone affects air quality, human health and 2 ecology. Ozone concentrations in the troposphere are controlled by a variety of 3 processes which could be affected by SRM. These include 4 i) photochemical processes influenced by changing UV-B (280-315 nm) and UV-A 5 (315-400 nm) fluxes into the troposphere (Madronich et al., 2015; Williamson et al., 6 2014). High energy photons needed to produce ozone from molecular oxygen (λ < 7 240 nm) are absorbed at higher altitudes and tropospheric ozone levels are 8 determined by other production and loss processes. For example, under clean 9 environmental background conditions, ozone loss and production of the hydroxyl 10 radical OH via 11
is of prime importance. This reaction pathway is non-linearly dependent on 15 stratospheric ozone changes due to the photons needed in reaction (R3.1) 16 (McKenzie et al., 2011) . 17
ii) changes in tropospheric concentrations of chemical species involved in the 18 formation of ozone or its depletion, for example due to changes in atmospheric 19 humidity and thus in concentrations of a key reactant in loss reactions such as (R3). 20
iii) changes in Stratosphere-Troposphere Exchange (STE) (Holton et al., 1995; Lin et 21 al., 2014 Lin et 21 al., , 2015 Morgenstern et al., 2009; Neu et al., 2014; Zeng et al., 2010) , i.e. 22 due to changes in the transport of ozone from the ozone-rich stratosphere into the 23 troposphere. Such changes are strongly coupled to changes in atmospheric 24
dynamics. 25
In our simulations, there is a global mean surface ozone increase in G1 26 (+5.0%) and a decrease in 4xCO2 (-4.2%), see Table 2 . The differences between the 27 runs are to first order determined by processes i and ii. Firstly, UV fluxes into the 28 troposphere decrease in G1 due both to the solar irradiance reduction and the 29 increase in stratospheric ozone concentrations. The UV reduction in G1 relative topiControl leads to a ~5-10% reduction in the flux through reaction (R3.1) in the 1 tropical troposphere (and ~15% reduction at higher latitudes). These results contrast 2 with the changes between 4xCO2 and piControl where the reaction flux increases in 3 the tropical troposphere by ~15%. It is clear that changes in the stratosphere under 4 both increased greenhouse gases, or under solar radiation management, would have 5 important consequences for the UV fluxes into the troposphere and, hence, for 6 surface irradiation and tropospheric chemistry. SRM does not avoid changes to the 7 stratosphere (and hence to the troposphere) that increased CO 2 would lead to. 8
Secondly, the tropospheric humidity changes under SRM contrast significantly 9 with those found under 4xCO2. In the latter case, tropospheric humidity increases 10 while for G1 we find, in common with many other studies mentioned above, a 11 weakening of the hydrological cycle and reduced specific humidity. In our 12
calculations, tropospheric humidity is up to 20% lower in G1 under SRM than in 13 piControl. In consequence, (R3.2) slows down by ~10-20% in the lower-middle 14 troposphere and by up to ~25-30% in the upper troposphere in G1. 15
Changes in STE (iii) have a negligible effect on the global mean surface ozone 16 change in G1 (Table 2) . Nonetheless, STE can be regionally and seasonally 17 important under 4xCO2, where surface ozone increases at mid-and high latitudes in 18 the Northern Hemisphere and Southern Hemisphere (Fig. 6a) . These annual mean 19 changes result from increases during the respective winter and spring seasons when 20
STE increases (by ~38% on the annual mean). 21
We emphasize that the effect of SRM on tropospheric chemistry is expected to 22 be strongly dependent on the scenario, reference state and geoengineering method 23 used. Here, we assume pre-industrial conditions by following the G1 scenario, which 24 only allows for low, natural background pollution. Under different forcing scenarios 25 other aspects of tropospheric chemistry could change the surface ozone response. 26
For example, different chemical mechanisms could be more important for SRM under 27 more polluted conditions (e.g. Morgenstern et al., 2013; Squire et al., 2014; Tang et 28 al., 2011) . Nevertheless, changes in humidity and photolysis as described here are 29 robust modelling features that could occur under a range of geoengineering 30 scenarios. These mechanisms will be key to tropospheric chemistry considerationspotential for substantial changes in tropospheric chemistry in the different climate 1 state created by SRM. Here, we find a particularly strong effect in the tropics, where 2 model surface ozone increases under G1 and decreases under 4xCO2, amounting to 3 annual mean differences of around 5 ppbv between these two simulations in some 4 regions, compare Fig. 6a and 6b . As with the surface ozone response under a range 5 of RCP scenarios (which can differ in sign, Connor et al., 2014; Young et al., 2013) , 6
there is clearly a need to study surface ozone changes for a range of geoengineering 7 forcing scenarios. 8 9 10
Discussion and Conclusions 11
Using a coupled atmosphere-ocean chemistry-climate model, we have carried out an 12 idealised SRM experiment in which we offset the effect of quadrupling atmospheric 13 carbon dioxide on the global mean surface temperature by reducing the incoming 14 solar radiation. Although the global mean surface temperature is, by design, 15 unchanged in this geoengineering experiment, other environmental factors change 16
considerably. In particular, we find large increases in stratospheric ozone, with an 17 ~8% increase in global mean column ozone. Solar radiation management under G1 18 fails to offset the cooling of the stratosphere resulting from increased CO 2 , which 19 leads to higher ozone concentrations there. The reduction in solar flux intensity in G1 20 also plays a role in reducing ozone loss. In consequence, the stratospheric ozone 21 optical depth increases and leads to a reduction in tropospheric UV, with regional 22 and seasonal reductions of up to ~20% in local UV-indices at the surface. This 23 reduced surface UV could have adverse effects on medical conditions connected to 24 vitamin D deficiency. In contrast, the general decrease in UV radiation is also 25 expected to have beneficial effects such as a reduced likelihood in populations of 26 developing skin cancer. We find that cloud-induced UV changes play a minor role 27 compared with the change in ozone column. 28
A further unintended consequence of the SRM scheme considered here would 29 be a change in tropospheric composition. The main drivers of change are decreases 30 in tropospheric specific humidity as well as a reduced flux of UV-B and UV-Aradiation into the troposphere. Relative to the pre-industrial control run, surface 1 ozone increases in G1 by about 5% (and decreases in 4xCO2). Such an increase is 2 qualitatively consistent with calculations, with detailed tropospheric chemistry 3 schemes, of tropospheric ozone changes following an increase in stratospheric 4 ozone (e.g. Banerjee et al., 2015) . A major challenge in the 21 st century will be to 5 prevent large changes in tropospheric ozone, which would follow increased 6 emissions of NO x and volatile organic compounds. It is important that geoengineering 7 schemes do not make this challenge even more difficult. We note that the increase in 8 ozone found here could also lead to a change in the lifetime of the greenhouse gas 9 methane in a geoengineered climate (Holmes et al., 2013; Morgenstern et al., 2013 ) 10 and thus in the amount of solar geoengineering needed to offset the anthropogenic 11 greenhouse gas forcing. 12
It is important to stress again that our modelled changes in atmospheric 13 composition are strongly scenario-and SRM scheme-dependent. Important factors 14 in other scenarios that would affect composition include the reduction in ozone 15 depleting substances by the Montreal Protocol, not considered here, or more detailed 16 changes in tropospheric ozone precursors (Squire et al., 2015; Young et al., 2013) . 17
For stratospheric particle injection schemes, stratospheric ozone depletion would be 18 a major concern (e.g. Pope et al., 2012) , especially in the near future. In addition, UV 19 considerations for aerosol schemes are further complicated by UV scattering and 20 absorption by the aerosol particles (Tilmes et al., 2012) as well as aerosol indirect 21 effects (Kuebbeler et al., 2012) . Aerosol geoengineering might also affect the 22 stratospheric circulation (Ferraro et al., 2015) with likely changes in STE different 23 than found here for the G1 experiment. Finally, it is also unclear how long-term 24 injections of aerosols into the atmosphere would affect air quality at the surface due 25 to potentially much increased particle pollution. 26
In conclusion, increases in CO 2 will increase the stratospheric ozone column 27 and solar radiation management schemes will not offset this increase. In the G1 28 experiment considered here, large increases in stratospheric ozone are calculated 29 leading to decreases in tropospheric UV. That surface UV and surface ozone would 30 change under solar geoengineering is a robust modelling result and their effects onacidification (Caldeira and Wickett, 2003) and changes in the hydrological cycle 1 under SRM, ozone changes and their effect on surface UV and air quality would have 2 to be expected in a solar geoengineered world. Consequently, we highlight this issue 3 as an important factor to be accounted for in future discussions and evaluations of all 4 SRM methods. 
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